The NEET proteins are a novel family of iron− sulfur proteins characterized by an unusual three cysteine and one histidine coordinated [2Fe−2S] cluster. Aberrant cluster release, facilitated by the breakage of the Fe−N bond, is implicated in a variety of human diseases, including cancer. Here, the molecular dynamics in the multi-microsecond timescale, along with quantum chemical calculations, on two representative members of the family (the human NAF-1 and mitoNEET proteins), show that the loss of the cluster is associated with a dramatic decrease in secondary and tertiary structure. In addition, the calculations provide a mechanism for cluster release and clarify, for the first time, crucial differences existing between the two proteins, which are reflected in the experimentally observed difference in the pH-dependent cluster reactivity. The reliability of our conclusions is established by an extensive comparison with the NMR data of the solution proteins, in part measured in this work.
INTRODUCTION
The MitoNEET (mNT) and NAF-1 proteins, members of the so-called NEET protein family, regulate apoptosis, autophagy, iron, and reactive oxygen species (ROS) homoeostasis. 1−5 Localized to the outer mitochondrial membrane (mNT), 6 and to the endoplasmic reticulum and the mitochondrial associated membranes (NAF-1), 3 these membrane-anchored proteins contain a conserved CDGSH domain, 6, 7 featuring a unique "NEET fold." They harbor a novel redox-active and labile 3Cys:1His [2Fe−2S] cluster. 6, 8, 9 Abnormal cluster release in NAF-1 is associated with cancer progression, 10 and it might also be involved in neurodegenerative diseases. 3,8,11−15 Hence, NEET proteins are emerging as a promising pharmaceutical target. 10 NEET proteins fold into a homodimeric structure organized into two distinct domains. The β-cap domain, which is composed of an intertwined β-sheet structure and the cluster-binding domain, that harbors the two [2Fe−2S] clusters in the homodimer. 9 The histidine ligand (His87 in mNT and His114 in NAF-1), which binds the metal ion via its N δ , is the primary cause of the labile nature of the cluster and its transfer to apoacceptor protein(s). 3,6,15−18 The presence of a single histidine ligand, rare across iron−sulfur proteins, is likely to be largely responsible for their important function in human health and diseases. 3, 18 Intriguingly, the cluster reactivity, as a function of pH, is larger for mNT than NAF-1. 8 The structural features determining this difference in reactivity are not clearly defined.
All-atom molecular simulations can assist in identifying the molecular determinants and the mechanisms involved in the function of proteins containing Fe−S clusters, their associated co-factors. They are complementary to structure-based methods, which may be used to infer structural information for Fe−S proteins, such as mNT 19 and ferredoxin. 20 In fact, all atom molecular dynamics (MD) simulations were used already a quarter century ago to refine the structure of the multinuclear Fe−S proteins HiPIP in aqueous solution, 21 proving to be in agreement with the NMR data. a Here, by using quantum mechanical (QM) methods, we have defined a representative force field for the cluster/cluster-binding domain of human NEET proteins. Using this force field, we have applied a force-field-based MD 21 and enhanced sampling MD 27 simulations. The accuracy of the MD simulations was established by a comparison with the NMR experiments, some of which were performed here. Our results show that the loss of the cluster(s) is associated with a dramatic increase in protein disorder and provide a molecular basis for the larger cluster pH sensitivity of mNT compared to NAF-1.
2. METHODS 2.1. NEET Proteins Cluster-Binding Domain QM Parametrization. The force field of the [2Fe−2S] cluster of NEET proteins in the oxidized state was built so as to be consistent with the AMBER force field. 28, 29 Quantum mechanical (QM) calculations on two geometry-optimized models of the metal site were implemented, following ref 30 . Given the structural similarity between NAF-1 and mNT cluster-binding domains, 9, 31 we have used the same parametrization for both systems.
Model I ( Figure S1A ) consisted of the metal ions, the inorganic sulfur atoms, and residues C72, C74, C83, and H87, along with R73, N84, G85, and A86 backbone units b ( Figure  S1A ). The N-and C-terminals were acetylated and methylated, respectively ( Figure S1A ). Here, the two Fe 3+ ions are tetrahedrally coordinated. One of the two metal ion (Fe x in Figure S1A ) binds to cysteine sulfur atoms (S A and S B ) and two bridging sulfur atoms S 1 and S 2 . The other ion (Fe y ) binds to C83 sulfur atom (S C ) and H87-N δ (N X ).
Model II was the same as I, except that residues R73, N84, G85, and A86 were lacking, and the coordinating side chains were represented by methyl groups ( Figure S1B) .
For both models, we considered both the N ε -protonated and the N ε -deprotonated states of the His residue nearby the cluster (His87 in mNT and His114 in NAF-1). The total charge of the models was −1 in the His:N ε -protonated state and −2 in the His:N ε -deprotonated. The models were built using the Metal Center Parameter Builder. 32 In the protein oxidized state, each Fe 3+ is in its high spin state (S = 5/2) and the cluster total spin is S = 0. 6 To describe the iron ions' antiferromagnetic state, we defined four monomers (the socalled Gaussian09 fragments 33 ), consisting of the following atoms and groups: (1) the ion Fe x with its cysteine ligands; (2) Fe y with its histidine and cysteine ligands; (3) and (4) the two inorganic sulfur atoms. The spin multiplicity and total charge of each monomer were set taking into account the spin and oxidation states of each atom, respectively.
The models underwent geometry optimization at the B3LYP level of theory, 34 using the 6-311G++ (2d,2p) basis set. We used the Gaussian09 program. 33 The relatively inexpensive calculations of the RESP atomic partial charges were carried out for the extended model I. The charges on the backbone atoms were set to the standard values of the AMBER99sb-ILDN 28, 29 force field. The van der Waals parameters of the iron atoms were those of ref 35 , whereas those of the other atoms were taken from the AMBER99sb-ILDN force field. 28, 29 The calculations of bonded parameters (stretching and bending force constants) were carried out on the reduced model II. The calculations were based on the Hessian matrix, using the Seminario's method 30 (Tables S1−S4 ). The torsion force constants were set to 0 as in ref 30 .
2.2. Simulation Protocols. The mNT (pdbID:2QH7, 9 residues 43:108) and NAF-1 (pdbID:4OO7, 31 residues 69:135) protein X-ray structures were embedded in water boxes. Both His:N ε -protonated and His:N ε -deprotonated states were considered ( Table 1 ). The size of the boxes was such that the distance of the proteins to the border was 1.4 nm or larger. The total charge of the systems, ranging from +4 to −2 (Table 1) , was neutralized by adding Cl − or Na + ions. Na + and Cl − ions were finally added so as to reach a ionic strength of ∼0.1 mM ( Table  1) .
The AMBER force-field 99SB-ILDN 28, 29 was used for the protein frame (i.e., all of the protein except the metal cluster and coordinating residues) and for the ions. The [2Fe−2S] cluster and the coordinating residues parameters were taken from the QM parametrization. The TIP3P model was used for water molecules.
Periodic boundary conditions were applied. The electrostatic interactions were treated using particle mesh Ewald (PME) summation. 36 The cutoff for the real part of the summation was 1.2 nm. The grid in the reciprocal space had a spacing of 0.1 nm . The cutoff for the van der Waals interactions was set to 1.2 nm. All of the bonds involving hydrogen atoms were constrained using the LINCS algorithm. 37 The leap-frog integrator was used to integrate the equations of motions. 38 Constant temperature and pressure conditions were obtained using the Nose−Hoover thermostat 39, 40 and Parrinello−Rahman barostat, 41 respectively. The systems were first energy-minimized using 20,000 steps of steepest descent algorithm. Then, water and the proteins side chains were gently heated up to 300 K in 2 ns molecular dynamics (MD). 42, 43 The backbone was also allowed to move. Overall, 2.5 μs MD simulations at room conditions (T = 300 K, P = 1 atm) were performed in the NPT ensemble for each system. The last 1.0 μs were collected for analysis.
Replica Exchange Solute Tempering (REST) in its new variant (REST2) 44 was performed on mNT and NAF-1 without one or both [2Fe−2S] clusters and mNT with both [2Fe−2S] clusters. The setup was the same as that used for the MD except that the water box was larger, as the systems are expected to experience larger mobility. It was chosen to provide a space of 1.6 nm between the protein and the edges. The number of replicas we a The protonation states of His87 in mNT and His114 in NAF-1, the number of Na + and Cl − ions, and the total charge of the proteins are reported.
The Journal of Physical Chemistry B Article used is 32 for each calculation. The replica temperatures were chosen between 300 and 465 K to get the highest exchange rate in the first steps of the REST2. The same temperature set was chosen for the two proteins. The exchange between the replicas was attempted every thousand steps. We performed 0.45 and 0.40 μs long REST2 simulations for NAF-1 and mNT derivate models, respectively, whereas mNT with two [2Fe−2S] clusters was simulated for 80 ns. All of the simulations were carried out with the GROMACS-2016.3 36, 45, 46 program. 2.3. Data Analysis. MD representative structures were identified using the gmx cluster program 36, 45, 46 applying the gromos algorithm. 36, 45, 46 The cutoff distance, defined as the maximum allowed root mean square distances (RMSD) values between two structures belonging to the same cluster, were 0.095 and 0.150 nm for MD and REST2, respectively.
The protein angular dispersion (PAD) along the proteins torsion angles was calculated as in ref 47 . H-bonds and salt bridges were identified using the Cpptraj tool from the ambertools-17 program. 48 The standard deviation of the distance between the Cα of residues i,j through the simulations formed the i,j element of the standard deviation matrix (SDM).
We calculated the chemical shifts (CS) of the N, H, C α , C′, and C β atoms of the proteins using the SHIFTX + tool of the SHIFTX2 49 package. The influence of each physical and geometrical parameter on the CS is available in the SI of ref 49 . The Fe−N δ bond polarization was investigated in terms of Boys orbitals 50 centroids. The quantum problem was here solved by using unrestricted B3LYP/g calculations 51, 52 and the 6-311G(2df,2pd) basis set. These estimations were performed on 150 frames extracted from the MD trajectories. From each frame, we selected Cys99 (in NAF-1, 72 in mNT), Cys101 (74), Cys110 (83), and His114 (87) side chains, along with the FeS cluster. Two water molecules H-bonding to Cys110 and His114 residues emerged from our simulations (see Results section). These molecules were included. At times, Lys81(55) replaced the water molecule H-bonding the histidine. Hence, this residue was included instead of the water molecule in additional models. The side chains were capped with H atoms in place of the C α s.
The calculations were carried out in the absence and in the presence of the protein electrostatic field. The latter was calculated by using AMBER partial atomic charges 28, 29 placed on the atomic centres. The ORCA program was used. 51, 52 The N δ −Fe bond polarization 53 was also calculated using the natural bond orbital (NBO) theory. 53 We used the same models as those used for the Boys orbitals, except that the H-bonding partners of the solvent exposed residues were not considered at the quantum level. The quantum problem was solved within unrestricted B3LYP 34 calculations, with the 6-31g(df) basis set. Each bond orbital is the linear combination of atomic orbitals. 53 The polarization coefficient of a bond (Δ) monitors the sharing of the electronic density between the atoms participating in the bond. 53 Δ ranges from 0 to 100, and it depends on which atom is taken as reference. 54 Δ ∼ 50 means that the NBO is covalent. Hence, the averaged values of the bond order are reported. The GAUSSIAN program 33 was used. The Boys orbitals and NBO analysis were performed on 150 MD frames. The average values are here reported.
2.4. NMR Experimental. Uniformly, 15 N-, 13 C-labeled NAF-1 H114C mutant soluble domain was expressed and purified as The Journal of Physical Chemistry B Article described previously, 31 with the exception that the cells were grown in M9 minimal media supplemented with 15 N ammonium chloride and 13 C glucose. All of the NMR experiments were performed on a Bruker Avance 600 MHz spectrometer equipped with a triple-resonance cryoprobe at 25°C. The NMR sample contained 460 μM protein in a buffer 25 mM sodium phosphate pH 7 with 50 mM sodium chloride and 10% (v/v) D 2 O. A 1 H− 15 N HSQC spectrum was collected followed by collection of a standard set of triple-resonance experiments used for backbone resonance assignments: HNCACB, CBCA(CO)NH, HNCA, HN(CO)CA, and HNCO. The NMR data were processed using NMRPipe 55 and analyzed using Sparky. 3. RESULTS
Calculated Structural Features and Flexibility of NAF-1 and mNT Proteins: Comparison with Experimental
Data. The force fields for mNT and NAF-1 [2Fe−2S] clusters are currently not available. They were here constructed to be compatible with the AMBER force field 28 (see Sections 2.1 and S2.1). We have considered the more labile oxidized state of the cluster, containing two Fe(III) ions, 16 present under oxidative stress conditions, 15, 17 often found in disease conditions. The histidine ligand, crucial for cluster release, 8, 9, 16, 57, 58 can be protonated or deprotonated. 58 Indeed, the pK a of the system is similar to that measured in rieske non-heme−iron protein in which the deprotonated state of the coordinating histidine was found at high pH. 59 The pK a has been measured to be 6.9.
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Hence, we constructed a force field for the protonated and deprotonated states of the cluster-coordinating histidine (Tables  S1−S3 ). The resulting parameters turned out to be rather similar for the two states.
To test the accuracy of our force field, we compared 2.5 μs canonical MD simulations of NAF-1 and mNT in both protonated states in explicit solvent (see Section 2.2) with Xray and NMR data. The identity between simulated and X-ray structures' secondary structure elements 31 was high, ranging from 81 to 86% ( Figure 1A) . The secondary structure analyses and the root mean square distances (RMSD) of the Cα with respect to the X-ray structures, 9,31 as a function of simulated time, supported these results ( Figures S2 and S3) . The calculated bond lengths and bond angles of the cluster compared well with those of the X-ray structures 9, 31 (Table S4 and Figure 1A) . Consistently, the RMSD of the [2Fe−2S] cluster atoms were low (0.010 ± 0.005 nm for the cluster, and 0.020 ± 0.006 nm for cluster with its coordinating atoms). The NMR chemical shifts (CS) of backbone's and C β 's atoms, calculated using the SHIFTX2 code 49 The Journal of Physical Chemistry B
Article
Analogously satisfactory results were obtained for mNT ( Figure  S4 ).
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The proteins' flexibility was described using the so-called MDbased Protein Angular Dispersion (PAD, 47 see Figure 1C , for NAF-1 in its protonated state, Figure S5 for the three other systems). The PAD values are calculated for each peptide unit, and they range between 0 and 180°. 47 The larger the values, the higher the local fluctuations. The local flexibilities of the two proteins turned out to be similarly low over most of their regions, including the cluster ( Figure 1C) . However, loop L2 (NAF-1: amino acid (aa) 89−93; mNT: aa 62−66) and the C-terminal domains (NAF-1: aa 132−135 and mNT: aa 105−108), feature high local flexibly (PAD values 40°or larger). This finding is consistent with the relatively high temperature factors reported in the X-ray structure. 31 A comparison of NAF-1 MD structure with the X-ray one 31 emphasized these two regions (Figure 2A ). The structural fluctuations are also described by the standard deviation map (SDM) of the distances between the Cα of each pair residues of both monomers ( Figure 2B ). The SDM confirmed that the two regions experience relatively high local fluctuations. In contrast, the local flexibility of the N-terminal domain of NAF-1 was lower than that of these two domains ( Figure 1C) .
3.2. Effect of Cluster Absence on NAF-1's Structure and Flexibility. With a high confidence in our simulation setup, we proceeded toward understanding the impact of the cluster(s) presence/absence on the protein's global structure and conformational fluctuations. To this aim, comparison was made with sub-microsecond enhanced sampling REST2 44, 63 simulations for the protein without the cluster in one monomer (monomer B in Figure 2C ,D, "semi-holo NAF-1") and without the clusters in both monomers (apo NAF-1, see Figure 2E ,F). We used an analogous setup as for the previous MD (see Section 2.2). The histidine ligand was considered protonated. This condition is more representative for the proteins in acidic environment, which may favor cluster release in vivo. 3 The removal of the cluster from monomer B led to (i) a complete unfolding of the α-helix in that monomer B (A) (aa 113−121), along with a large rearrangement of the L1 domain of monomer A. This is shown pictorially in Figure 2C . The secondary structure assignment confirmed that structural changes on one monomer could affect the structure of the other monomer ( Figure S7C ). This is probably due to intermonomer interactions. (ii) A higher flexibility of monomer B (in particular, of its cluster-binding domain), relative to that of monomer A, is shown by the SDM map ( Figure 2D ).
The absence of both clusters introduced additional structural disorder and flexibility ( Figures 2E,F and S8 ). In particular, (i) the helical content decreased dramatically in both monomers ( Figure 2E , Table S5 ) and (ii) the β-sheets (aa 84−88; 94−98; 128−132) experienced partial unfolding ( Figures 2F and S8 , Table S5 ).
c The α-helices domains, along with the L1 loop, were the most flexible domains ( Figure 2F ). Similar results were obtained with mNT protein, in its semi-holo and apo states (see Section S2.3 and Figures S9 and S10) . The Journal of Physical Chemistry B Article 3.3. Hydration of the Histidine Ligand and the His:N δ − Fe Bond. We next focus our attention on the coordinating histidine. This residue, in its protonated state, forms an H-bond with a water molecule in both proteins (see chart in Figure 3A for NAF-1), as established by a calculation of the integral of His:N ε − water oxygen radial distribution functions (rdfs, see Figure S11 ). In the deprotonated states, instead, the analysis of the integral of rdfs along with the MD trajectory ( Figure S11) shows that the Hbonded water molecule is replaced, at times, by a nearby lysine (Lys81 in NAF-1 and Lys 55 in mNT). However, the resulting residence times of the histidine ligand−water H-bond are very different (19 and 51%, for NAF-1 and mNT, respectively). An analysis of the interactions formed by the coordinating histidine (Tables S5, S6 and S9 and Figure S11 ) provided the molecular basis for this difference: in NAF-1, the lysine side chain is also engaged in an H-bond with the Asn115 side chain (Figure 4) . This anchors the Lys residues nearby the histidine ligand, making it very poorly hydrated. This interaction does not exist in mNT (Figure 4) , rendering the histidine a much better solvent exposed residue (see Section S2.4 for further details). We then studied the polarity and the strength of the His:N δ −Fe bond. The latter is crucial for the labile nature of cluster. 3,6,15−18 Bond polarity might play a key role for its reactivity, as we expect that the more polar the bond, the easier it is for it to break from the cluster. Bond polarity is here described in terms of location of the Boys orbitals centroids (BOCs), 50, 64 as calculated by the density functional theory (DFT) in the presence of the protein electric field (see Section 2.3). The closer the BOCs are to the N δ donor atom, the more polar the bond is ( Figure 3) . The bond is clearly more polar in the protonated form of NAF-1. Notice that different BOCs values were obtained if some of the interacting partners (water molecules and/or Lys81) and/or the electrostatic fields from the protein frame were not included (table in Figure 3 ), pointing to the key and nontrivial role of the environment in tuning the electronic properties of the cluster (see Section S2.4). We describe bond strength in terms of bond orders, 53,65 also calculated by DFT (see Tables S6 and S9 ). More facile ligand exchange in [2Fe−2S] proteins is observed in weaker bonds. 66 Consistently with the BOCs analysis, the Fe−N δ bond orders decreases (from 0.61 to 0.49, see Table S6 ) upon histidine protonation. Similar results are also obtained for mNT (Tables S7−S9 ).
DISCUSSION AND CONCLUSIONS
Our simulated structures show that the cluster-binding domain is fairly rigid ( Figure 1C ). However, in the β-cap domain, both the C-terminal and L2 domains are highly flexible. Our results (i) are consistent with the available experimental X-ray and NMR data ( Figure 1 ) and (ii) show that the His:N δ −Fe bond is more polar (and hence possibly more reactive) and weaker in the protonated state of both proteins, consistent with the experimentally observed increase in cluster liability upon protonation of the coordinating histidine. 31, 67 Overall, these results validated our simulation methodologies.
The absence of one cluster from one domain induced an unfolding of the cluster-binding domain and affected the L1 domain of the other monomer. The removal of the second cluster led the protein toward a loss of secondary structure folding, consistent with the observed loss in chemical shift dispersion and change in far-UV circular dichroism signal. 61 Most importantly, our simulations identified the difference between NAF-1 Asn115 and mNT Thr88 as a key factor for the experimentally observed larger pH sensitivity of the mNT cluster relative to the NAF-1 one. 8 Asn115 anchors Lys81 nearby the cluster, decreasing the solvent exposure of the histidine ligand. The electrostatic potential generated by the Lys residue is likely to prevent proton access, affecting the protonation reaction of the histidine. In mNT, because of the replacement of Asn115 with Thr88, the lysine residue is more mobile and the histidine is more hydrated.
Preventing aberrant cluster loss using small molecules is of paramount importance for a variety of pharmaceutical applications. The knowledge of the key structural modifications upon the loss of the clusters and of the structural determinants playing a role in cluster pH sensitivity, as emerging from this study, are instrumental for the design of future drugs that differentially target these clusters. Based on our molecular dynamics setup, cluster-docking ligands might be developed using free energy approaches (such as metadynamics). By affecting NEET proteins' cluster lability/stability, these ligands may interfere with cell derangement associated to a variety of diseases, including cancer. 
■ ADDITIONAL NOTES
a For subsequent MD studies, see, e.g., those reported in refs 22−26. b The corresponding residues for NAF-1 are Cys99, Cys101, Cys110, and His114 for the coordination, and the Arg100, Asn111, Gly112, and Ser113 are considered as glycine. This provides us with the same model as that for mNT. c The structural properties in the two domains differ ( Figure  2F ,E). This was ascribed to a lack of full convergence of the simulation of the highly flexible apo NAF-1. In spite of this caveat, simulations did provide a clear-cut information: the large unfolding of the protein.
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